The increasing interest in Hybrid Electric Vehicles led to the study of new powertrain structures. In particular, it was demonstrated in the technical literature how series architecture can be more efficient, compared to parallel one, if supercapacitors are used as storage system. Since supercapacitors are characterized by high efficiency and high power density, but have low specific energy, storage sizing is a critical point with this technology. In this study, a detailed analysis on the effect of supercapacitor storage sizing on series architecture was carried out. In particular, in series architecture, supercapacitor storage sizing influences both engine number of starts and the energy that can be stored during regenerative braking. The first aspect affects the comfort, whereas the second aspect directly influences powertrain efficiency. Vehicle model and Energy Management System were studied and simulations were carried out for different storage energy, in order to define the optimal sizing.
Introduction
Hybrid Electric Vehicles (HEVs) have experienced a great interest in the last decades thanks to increasing attention both in carbon emission and local pollutant reduction. On the one hand, HEVs, by increasing overall powertrain efficiency, can reduce CO 2 emissions; on the other hand, allowing electric traction in urban missions and smoothing Internal Combustion Engine (ICE) accelerations, they can reduce local pollutant emissions. In the technical literature, different hybrid topologies and many Energy Management Systems (EMS) were proposed [1, 2] nevertheless hybrid architectures can be mainly divided in two categories: parallel and series hybrid vehicles. Regarding parallel architecture, this structure is mainly used on medium size cars and can be realized either with one electrical machine [3] [4] [5] [6] [7] , two electrical machines and a planetary gearbox (also known as power split or series/parallel hybrid) [8] [9] [10] [11] [12] [13] [14] can be realized with a compound structured permanent-magnet motor [15] . As far as series architecture is concerned, this topology was mainly designed, until now, for urban bus applications [16] [17] [18] . However, innovations and developments in storage systems and power electronics may change this paradigm. Analyzing storage system innovations, the supercapacitor significantly increased their performance in terms of energy density [19, 20] , so that their use become possible with a proper sizing; indeed many studies focused on the combined use of supercapacitors and batteries as storage system in hybrid vehicle applications [21] [22] [23] [24] [25] . In addition to that, the availability of low-loss power electronics devices, such as Silicon Carbide (SiC) metal-oxide-semiconductor field-effect transistor (MOSFET) [26, 27] , allows to design high efficiency power converter. Storage systems and power converters efficiency highly influence series architecture fuel consumption. As a matter of fact, in [28] , it was shown how parallel architecture fuel consumption is slightly affected by storage and converters efficiency; indeed, these components are mainly used to recover (and reuse) backward energy deriving from regenerative braking. On the contrary, in the series architecture, all the energy provided by the ICE incurs in a double conversion (i.e., from mechanical to electrical and from electrical to mechanical) and the instantaneous difference between the power provided by the ICE and the power required by the electric motor is balanced by the storage system. As a consequence, energy flows, both in power converters and storage system, are significantly higher compared to parallel architecture and the efficiency of these components highly influences powertrain fuel consumption.
Authors in [29] proposed a series architecture for medium size cars based on supercapacitor storage and they showed the benefit of this solution in terms of fuel consumption in comparison to parallel architecture. Although all the energy provided by the ICE is affected by the generator, generator inverter, motor inverter and motor losses, series architecture allows the ICE to work in optimal working condition (i.e., high efficiency) and, as a result, the overall powertrain efficiency is higher. In particular, they proposed an EMS to properly use the supercapacitor storage, which aims both at increasing the system efficiency and the comfort (i.e., reducing ICE number of starts and ICE provided power at low vehicle speed). That study was carried out hypothesizing a 465 Wh storage system.
However, a detailed analysis on storage optimal sizing has not yet been carried out and remains a topic of great interest. As a matter of fact, storage sizing is a current issue and was investigated in the technical literature for electric vehicle using a combined battery-supercapacitor storage [30] and for fuel cell hybrid vehicle, again using a combined battery-supercapacitor storage [31] . Nevertheless, since series hybrid architecture on a medium size car using only supercapacitor storage was proposed for the first time in [29] , a study on storage sizing in this application is still missing. In this paper, the effect of storage sizing on hybrid powertrain will be shown. In particular, the impact on both powertrain efficiency and ICE management will be investigated. The study will be performed on a significant number of road missions, in order to consider a wide range of possible working conditions. Standard cycles will be taken into account: Highway Fuel Economy Test (HWFET), Urban Dynamometer Driving Schedule (UDDS) and the Supplemental Federal Test Procedures (SFTP or US06) [32] ; nevertheless, being these type approvals in plane missions, backward energy is limited and therefore they are not critical for storage sizing. For this reason, a large number of experimentally measured missions will be considered, including also mountain roads with a great change in altitude.
On balance, the main innovative contributions of this research can be pinpointed as follows: (1) analysis of supercapacitor storage sizing influences on ICE number of starts in a series hybrid vehicle, (2) supercapacitor storage sizing influences on fuel consumption, evaluated both with a spark-ignition engine and a diesel engine, and (3) feasibility of a series hybrid vehicle using only supercapacitor as a storage system. The paper is structured as follows: in Section 2 series architecture is presented and EMS is described, focusing, in particular, on storage system parameters. Storage zones analysis and sizing optimization are shown in Section 3, whereas road missions are shown in Section 4. Simulation results are reported in Section 5. Finally, conclusions are pointed out in Section 6.
Series Architecture and Energy Management System (EMS)
Series architecture structure is depicted in Figure 1 , where contour maps show powertrain components efficiency. The aim of the study was the analysis of storage sizing on powertrain efficiency, a quasi-stationary model was created in MATLAB/Simulink environment [29, 33] . As a matter of fact, dynamic behavior of the different components is not relevant to energy evaluation. Each component was modeled, taking into account its efficiency contour map, as reported in Figure 1 . Machine efficiency is given as a function of per-unit torque and per-unit speed, according to what was presented in [33] ; in this way, the same contour map can be used also for different machine sizing. The same approach was used to model inverter losses, which are given in per-unit (i.e., referred to inverter nominal power). DC/DC converter efficiency is given as a function of storage voltage and current, supposing a 650 V DC-link. Vehicle longitudinal dynamic parameters (i.e., vehicle mass, rolling coefficient, aerodynamic drag coefficient and front section) are also reported in Figure 1 . Differential gear efficiency is considered as a constant parameter. Powertrain fuel consumption is evaluated both using a spark ignition engine and a diesel engine. The aim of the study is to properly size the supercapacitor storage (red circle in Figure 1 ). [33] ; in this way, the same contour map can be used also for different machine sizing. The same approach was used to model inverter losses, which are given in per-unit (i.e., referred to inverter nominal power). DC/DC converter efficiency is given as a function of storage voltage and current, supposing a 650 V DC-link. Vehicle longitudinal dynamic parameters (i.e., vehicle mass, rolling coefficient, aerodynamic drag coefficient and front section) are also reported in Figure 1 . Differential gear efficiency is considered as a constant parameter. Powertrain fuel consumption is evaluated both using a spark ignition engine and a diesel engine. The aim of the study is to properly size the supercapacitor storage (red circle in Figure 1 ). Supercapacitor main features are reported in Table 1 both for Electrostatic Double-Layer capacitors (EDLCs) [19] and Lithium supercapacitors [20] . Fuel consumption evaluation was carried out considering EDLC supercapacitor; nevertheless, since lithium supercapacitor efficiency is quite close to EDLC, the resulting trend can be considered correct. Supercapacitor main features are reported in Table 1 both for Electrostatic Double-Layer capacitors (EDLCs) [19] and Lithium supercapacitors [20] . Fuel consumption evaluation was carried out considering EDLC supercapacitor; nevertheless, since lithium supercapacitor efficiency is quite close to EDLC, the resulting trend can be considered correct. According to the EMS proposed in [29] , one can define four storage voltage working zones (three allowed zones and a forbidden one):
where UVL (Upper Voltage Limit) and LVL (Lower Voltage Limit) are two settable parameters, V max is the storage rated voltage and V limit is the storage lower allowed voltage (which can be either a storage or a converter constraint). In this study, V limit is set to 0.5 V max , whereas LVL and UVL definition is one of the objective of the research. V ref is another settable parameter, the aim of which is explained in detail in page 5.
The braking zone is devoted to regenerative brakings, whereas the low speed zone is devoted to electrical traction at low vehicle speed. In addition to storage zone definition, and consequently LVL and UVL definition, it is necessary to identify also two vehicle speed thresholds: a Lower Speed Limit (LSL) and an Upper Speed Limit (USL).
Once these parameters are defined, one can illustrate the Engine Ignition Management System (EIMS), which regulates ICE starts and stops. The EIMS decision depends on storage state of charge, vehicle speed and ICE condition (i.e., if engine is already on or not), as shown in Figure 2 . According to the EMS proposed in [29] , one can define four storage voltage working zones (three allowed zones and a forbidden one):
• Braking zone (UVL < V < Vmax):
where UVL (Upper Voltage Limit) and LVL (Lower Voltage Limit) are two settable parameters, Vmax is the storage rated voltage and Vlimit is the storage lower allowed voltage (which can be either a storage or a converter constraint). In this study, Vlimit is set to 0.5 Vmax, whereas LVL and UVL definition is one of the objective of the research. Vref is another settable parameter, the aim of which is explained in detail in page 5. The braking zone is devoted to regenerative brakings, whereas the low speed zone is devoted to electrical traction at low vehicle speed. In addition to storage zone definition, and consequently LVL and UVL definition, it is necessary to identify also two vehicle speed thresholds: a Lower Speed Limit (LSL) and an Upper Speed Limit (USL).
Once these parameters are defined, one can illustrate the Engine Ignition Management System (EIMS), which regulates ICE starts and stops. The EIMS decision depends on storage state of charge, vehicle speed and ICE condition (i.e., if engine is already on or not), as shown in Figure 2 . The EIMS decides whether the ICE has to be turned on, turned off or it has to remain in the current condition; nevertheless, once the EIMS has decide the ICE should be turned on, the proposed Engine Power Management System (EPMS) [29] controls the ICE output power, as shown in Figure 3 . The EIMS decides whether the ICE has to be turned on, turned off or it has to remain in the current condition; nevertheless, once the EIMS has decide the ICE should be turned on, the proposed Engine Power Management System (EPMS) [29] controls the ICE output power, as shown in Figure 3 .
Figure 2. Engine Ignition Management System (EIMS).
The EIMS decides whether the ICE has to be turned on, turned off or it has to remain in the current condition; nevertheless, once the EIMS has decide the ICE should be turned on, the proposed Engine Power Management System (EPMS) [29] controls the ICE output power, as shown in Figure 3 . The output power of the EPMS is given by the filtered DC-link required power and a contribution which depends on storage voltage (i.e., storage state of charge). This structure avoids high engine speed (i.e., high engine power) when the required power is low. As a matter of fact, high engine speed when the required power is low (e.g., when vehicle speed is low) is an uncomfortable condition. The power required at the DC-link is filtered in order to smooth acceleration and therefore reduce pollutant emissions [34, 35] .
The EPMS output is saturated between P max (i.e., ICE rated power), and P min , which is the ICE output power until which engine efficiency is still high; from ICE contour maps in Figure 1 indeed, it is possible to notice that efficiency worsens significantly in low power working conditions. When the DC-link required power is higher than P min (e.g., in highway missions) the EPMS keeps storage voltage around V ref . On the contrary, when the required power is lower than P min , the ICE charges the storage system until UVL and then turns off until storage voltage reaches LVL. For this reason, if speed is higher than USL and the vehicle is not involved in long braking, storage voltage is always in the normal zone. The aim of the low speed zone definition is to keep the ICE off when vehicle starts and until it reaches USL. It is necessary to define both USL and LSL in order to reduce ICE number of starts when vehicle speed keeps around USL (or equally around LSL) for a long time.
The parameter T was set to 10 s, its optimization depends on ICE dynamic behavior and it is not considered in this study. Analogously, V ref optimization depends on road mission profile (high values for highway missions, low values for long downhill road missions) and it can be set either manually by the driver or in a predictive way if the mission is known; in this study, it was set in the middle of UVL and LVL for all the missions. One has to note that V ref has to be inside the normal zone. Parameter k was set to 0.06 kW/V (been V max 500 V in all storage configurations). LSL and USL were set to 15 km/h and 30 km/h, respectively, whereas LVL and UVL optimization is one of the aims of this study, as shown in the next section. P min was set to 6.6 kW for spark-ignition engine (power which corresponds to 34% efficiency, with maximum efficiency being 34.7%) and to 4.7 kW for diesel engine (power which corresponds to 39.5% efficiency, maximum efficiency being 41.5%). P max was 40 kW for both spark-ignition and diesel engine.
Storage Zones Analysis and Sizing Optimization
The aim of the study is to analyze the influence of storage sizing on powertrain efficiency and on ICE number of starts (which affects comfort). Even if the sizing optimization of each of the three zones (the forbidden zone is not optimizable) is not independent from each other, the sizing of each zone has a precise consequence on powertrain performance:
• Braking Zone (BZ): if the braking zone is too small, there is a small quantity of energy available for regenerative braking. This influences powertrain efficiency, especially in missions characterized by long downhill roads. As a matter of fact, when the storage system reaches V max the extra backward energy has to be dissipated on mechanical brakes.
• Normal Zone (NZ): if this zone is too small, the storage system charges and discharges quickly; as a consequence, ICE number of starts increases significantly.
• Low Speed Zone (LSZ): the aim of this zone is to avoid engine use at low speed. Indeed, one of hybrid vehicle aims is to guarantee electric traction at low speed. If the low speed zone is limited, ICE starts when vehicle speed is low (i.e., below USL) may occur frequently.
Although it is possible to identify a precise effect on powertrain management for each zone sizing, they still depend on each other. As an example, if the braking zone is limited but the energy associated to normal zone is high, there will be, on average, enough to store backward energy in the normal zone. Indeed, if no predictive control on the road mission is implemented, the braking phase can occur with the same probability in each point of the normal zone. Analogously, if the energy associated to the low speed zone is limited, but, again, the normal zone is large, ICE starts at low speed are infrequent. Nevertheless, low speed zone and braking zone sizing do not influence each other. Moreover, even if normal zone sizing influences the average storable energy during regenerative braking, braking zone sizing does not significantly influence the ICE number of starts; indeed, if storage voltage is in the braking zone, ICE is turned off until LVL is reached. In the same way, normal zone sizing influence low speed zone sizing, but low speed zone sizing do not significantly influences ICE number of starts when vehicle speed is above USL, which are only related to normal zone sizing.
The above considerations on zone sizing influences are summarized in the flowchart shown in Figure 4 . indeed, if storage voltage is in the braking zone, ICE is turned off until LVL is reached. In the same way, normal zone sizing influence low speed zone sizing, but low speed zone sizing do not significantly influences ICE number of starts when vehicle speed is above USL, which are only related to normal zone sizing. The above considerations on zone sizing influences are summarized in the flowchart shown in Figure 4 . Taking into account the influences of Figure 4 , the storage sizing analysis will be carried out as follows. Starting with an a priori defined sizing on low speed and braking zones, normal zone sizing influence on ICE number of starts will be analyzed. The analysis will be carried out on all the road missions considered in this study. Once a proper sizing has been defined, which will be a compromise between ICE number of starts and zone sizing, low speed zone and braking zone sizing will be investigated, the definition of which is almost independent from other zones once normal zone sizing has been established.
Road Missions
At first, standard cycles were considered: US06, UDDS and HWFET [32] . As can be noticed from Table 2 , where road mission parameters are reported, these type approvals do not consider altitude variations; therefore, they are not critical for the supercapacitor storage, since there is no potential energy to recover during downhill roads.
For this reason, experimentally measured missions were considered. Mission were measured with high precision GPS and barometric altimeter, with a 1 s sampling period. These road profiles were acquired in the north-west area of Italy (Liguria, Piemonte, Lombardia and Valle d'Aosta regions). The measured missions are: Road mission main features are summarized in Table 2 , whereas speed and altitude profiles are shown in Figure 5 Taking into account the influences of Figure 4 , the storage sizing analysis will be carried out as follows. Starting with an a priori defined sizing on low speed and braking zones, normal zone sizing influence on ICE number of starts will be analyzed. The analysis will be carried out on all the road missions considered in this study. Once a proper sizing has been defined, which will be a compromise between ICE number of starts and zone sizing, low speed zone and braking zone sizing will be investigated, the definition of which is almost independent from other zones once normal zone sizing has been established.
At first, standard cycles were considered: US06, UDDS and HWFET [32] . As can be noticed from Table 2 , where road mission parameters are reported, these type approvals do not consider altitude variations; therefore, they are not critical for the supercapacitor storage, since there is no potential energy to recover during downhill roads. Road mission main features are summarized in Table 2 , whereas speed and altitude profiles are shown in Figure 5 Since altitude change is negligible in urban mission, only speed profile is shown. Please note that, conventionally, initial altitude is set to zero in all missions; therefore, altitude has to be intended as the positive altitude difference during the mission and not as the absolute altitude value. 
Simulation Results
According to what previously shown in Section 3, NZ sizing is the first zone to be optimized. LSZ is a priori fixed to 30 Wh and braking zone to 100 Wh, indeed they do not have great influence on NZ sizing. Once NZ has been optimized, LSZ and BZ will be sized with the established NZ sizing. The monitored parameters, which are simulation outputs, vary stochastically on the same mission; as a matter of fact, ICE starts can occur at a certain moment depending on storage State Of Charge (SOC) and, analogously, storable energy available during braking depends on storage SOC. For this reason, each road mission is repeated various times with different initial SOC. The output for that specific mission is considered as the averaged value over the different simulations. 
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According to what previously shown in Section 3, NZ sizing is the first zone to be optimized. LSZ is a priori fixed to 30 Wh and braking zone to 100 Wh, indeed they do not have great influence on NZ sizing. Once NZ has been optimized, LSZ and BZ will be sized with the established NZ sizing. The monitored parameters, which are simulation outputs, vary stochastically on the same mission; as a matter of fact, ICE starts can occur at a certain moment depending on storage State Of Charge (SOC) and, analogously, storable energy available during braking depends on storage SOC. For this reason, each road mission is repeated various times with different initial SOC. The output for that specific mission is considered as the averaged value over the different simulations.
Normal Zone Sizing
Normal zone aims at reducing ICE number of starts; according to EIMS shown in Figure 2 , if speed is above USL, ICE turns on when SOC is at LVL, and turns off when UVL is reached. To establish if NZ is properly sized, one has to observe ICE starts when speed is above USL. As a matter of fact, ICE starts when speed is below USL depends on LSZ, and will be investigated in Section 5.2. Simulation results are shown in Table 3 , where spark-ignition engine number of starts, while speed is above USL, is reported as a function of NZ sizing. Same results are reported in Table 4 for diesel engine. Indeed, been P min different for spark-ignition engine and diesel engine, simulation results are different. Since P min is lower for diesel engine, the number of starts are lower in Table 4 for same NZ sizing. Indeed, diesel efficiency decrease slower for decreasing power demand compare to spark-ignition engine, as can be notice from Figure 1 ; as a consequence, storage system is charged slower in low-power missions and number of starts is reduced. Number of starts for NZ size of 18 Wh is very high and it decreases if zone sizing is increased. Nevertheless, moving from 70 Wh to 160 Wh, the number of starts slightly decrease; therefore, 70 Wh is considered the optimal compromise. In urban mission number of starts is anyway lower than a traditional vehicle with start and stop system. Moreover, Extra-urban 2 and Highway + Mountain missions are characterized by high number of ICE starts, but they are 55 min-57 km and 5.5 h-480 km, respectively; therefore, values in Table 4 are absolutely tolerable.
Low Speed Zone Sizing
Been NZ sizing fixed at 70 Wh, low speed zone sizing analysis was performed considering 70 Wh and 100 Wh for NZ and BZ, respectively. LSZ aim is to reduce number of ICE starts when speed is below USL; as a matter of fact one of hybrid vehicle objective is to perform electric traction at low speed. In Table 5 , the ICE number of starts when speed is below USL are shown. While ICE ignitions when vehicle speed is above USL occurs normally and the NZ aim is just to limit them, ICE ignition when vehicle speed is below USL is an unwanted situation and therefore just very few of them are tolerable. One has to note that ICE starts when speed is below USL do not depend on P min ; therefore, Table 5 values concern both spark-ignition and diesel engines. As aforementioned, each mission was repeated several times in order to average simulation outputs; for this reason, decimal values are reported in Table 5 .
One can observe that in standard type approvals, even a very small LSZ is sufficient not to have engine starts when speed is below USL. This aspect shows the need of introducing experimentally measured missions in order to evaluate powertrain behavior in real working conditions. As a matter of fact, values reported in Table 5 in 10 Wh sizing for urban missions (Urban and Fast-urban) and Mountain mission 2 are quite high. Low speed zone sizing at 30 Wh is considered sufficient to reduce ICE starts at a tolerable value.
Braking Zone Sizing
During the braking zone sizing study, NZ and LSZ sizing were fixed at 70 Wh and 30 Wh, respectively. BZ sizing directly influences powertrain efficiency, since backward energy has to be wasted on mechanical brakes once storage is fully charged. In Table 6 wasted energy on mechanical brakes as a percentage of energy provided by the generator is reported. Additionally, in this case, type approvals would not give enough information for a complete evaluation of storage sizing; indeed, energy waste is negligible already with 50 Wh BZ sizing. Moreover, in mission with long downhill roads (mountain mission 1, mountain mission 2 and highway + mountain), impact on fuel economy moving from 100 Wh to 270 Wh is not enough significant to justify such a great increase in BZ sizing. On balance, braking zone optimal sizing can be considered between 50 Wh and 100 Wh. As a matter of fact, this sizing is enough to recover all the backward energy in more than half of the proposed missions; in addition, in mountain missions, the benefit in terms of fuel consumption reduction, moving to a significantly higher BZ (e.g., 270 Wh), would be negligible. Fuel economy for spark-ignition engine is reported in Figure 18 and for diesel engine in Figure 19 . One has to note that Table 6 data are the same for both type of ICE; indeed energy provided by the generator is the same in both cases, as well as wasted energy, while fuel economy is different been ICE efficiency different. 
Conclusions
An analysis of supercapacitor storage sizing effect on hybrid series architecture was carried out in this study; a medium size car (i.e., 1450 kg) was considered. The impact both on ICE number of starts (which affects comfort) and on wasted energy on mechanical brakes (which influences powertrain efficiency) was taken into account. Simulation results demonstrated that standard type approvals do not properly model vehicle behavior; indeed, a storage sizing of about 100 Wh (e.g., 10 Wh for LSZ, 42 Wh for NZ and 50 Wh for BZ) would be enough to properly achieve all storage requirements. For this reason, seven experimentally measured missions were considered. Analyzing real working conditions, 150-200 Wh storage sizing is required (e.g., 30 Wh for LSZ, 70 Wh for NZ and 50-100 Wh for BZ). To recover all backward energy in mountain missions, storage sizing should 
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An analysis of supercapacitor storage sizing effect on hybrid series architecture was carried out in this study; a medium size car (i.e., 1450 kg) was considered. The impact both on ICE number of starts (which affects comfort) and on wasted energy on mechanical brakes (which influences powertrain efficiency) was taken into account. Simulation results demonstrated that standard type approvals do not properly model vehicle behavior; indeed, a storage sizing of about 100 Wh (e.g., 10 Wh for LSZ, 42
Wh for NZ and 50 Wh for BZ) would be enough to properly achieve all storage requirements. For this reason, seven experimentally measured missions were considered. Analyzing real working conditions, 150-200 Wh storage sizing is required (e.g., 30 Wh for LSZ, 70 Wh for NZ and 50-100 Wh for BZ). To recover all backward energy in mountain missions, storage sizing should be highly increased, becoming incompatible with vehicle applications. The proposed storage sizing (i.e., 150-200 Wh) is, instead, highly compatible with hybrid vehicle application, since it involves a storage weight of about 40-50 kg using EDLC supercapacitors, which can be further decreased to about 25-35 kg using lithium-ion supercapacitors.
Concluding, the increasing performance of supercapacitors has led to the possibility of realizing a series hybrid vehicle using only supercapacitors as storage system. The benefit of such types of architecture was shown in the technical literature and the feasibility, with regard to supercapacitor storage sizing, has been analyzed in detail in this paper. Moreover, the constantly increasing performance of such type of storage, together with the decreasing price, could further increase the interest for the proposed hybrid structure.
